Diabetes mellitus (DM) is a metabolic disease frequently associated with impaired bone healing. Despite its increasing prevalence worldwide, the molecular etiology of DM-linked skeletal complications remains poorly defined. Using advanced stem cell characterization techniques, we analyzed intrinsic and extrinsic determinants of mouse skeletal stem cell (mSSC) function to identify specific mSSC niche-related abnormalities that could impair skeletal repair in diabetic (Db) mice. We discovered that high serum concentrations of tumor necrosis factor-a directly repressed the expression of Indian hedgehog (Ihh) in mSSCs and in their downstream skeletogenic progenitors in Db mice. When hedgehog signaling was inhibited during fracture repair, injury-induced mSSC expansion was suppressed, resulting in impaired healing. We reversed this deficiency by precise delivery of purified Ihh to the fracture site via a specially formulated, slow-release hydrogel. In the presence of exogenous Ihh, the injury-induced expansion and osteogenic potential of mSSCs were restored, culminating in the rescue of Db bone healing. Our results present a feasible strategy for precise treatment of molecular aberrations in stem and progenitor cell populations to correct skeletal manifestations of systemic disease.
INTRODUCTION
Diabetes mellitus (DM) is a chronic metabolic disease that is increasing in frequency at an unprecedented rate (1) (2) (3) . It is associated with a myriad of clinical complications, one of the most debilitating being impaired bone healing (4) (5) (6) (7) (8) . Although patients with DM have increased bone resorption and osteoclast activity, how specific bone stem and progenitor cells contribute to the molecular etiology of DM-related skeletal complications is not well understood. We set out to characterize molecularly the skeletal stem cell niche to elucidate the mechanism of impaired diabetic (Db) bone healing.
Our laboratory's recent identification of the mouse skeletal stem cell (mSSC), a single multipotent stem cell capable of producing all of the skeletal elements, enables us to determine the homeostatic and injury-induced phenotypes of the mSSC and its downstream lineage in Db mice (9) . We showed previously that the mSSC and its downstream progenitor-the bone, cartilage, and stromal progenitor (BCSP)-facilitate the rapid repair of skeletal tissue in non-Db mice.
When these cell types are reduced in number, fracture healing is severely impaired (9, 10) . Thus, we tested whether aberrant stem and progenitor cell activity could lead to impaired Db bone healing.
RESULTS

mSSC-dependent skeletal repair is impaired in Db mice
To determine whether DM is associated with impaired fracture healing in mice, we created transverse femoral fractures in 10-week-old Db (Leprdb, denoted as DbLR) and non-Db (C57Bl/6, denoted as WT) female mice and fixed them with an intramedullary pin (Fig. 1A) . The Leprdb mouse is a model of type 2 DM and results from an autosomal recessive mutation of the lepr gene, which codes for the leptin receptor. These mice are hyperphagic and secrete excessive insulin, making them obese, insulin-resistant, hyperinsulinemic, and hyperglycemic from 4 weeks of age (11) . We assessed bone healing using a variety of techniques, including mechanical strength testing (MST), histology, and high-resolution micro-computed tomography (mCT). MST of healing femora was conducted at post-fracture week 4 ( fig. S1 ). This analysis revealed that healing DbLR femora were significantly weaker than healing WT controls (Fig. 1B) . In addition, analysis of post-fracture week 4 callus with ex vivo mCT showed that DbLR femora had lower trabecular bone density than WT controls (Fig. 1C) . Similarly, histomorphometric comparison of healing DbLR and WT femora showed reduced osteogenesis in DbLR mice; however, osteoclastic activity within the healing fractures was not significantly different between DbLR and WT mice ( fig. S6 ).
To further test whether impaired bone healing in DbLR mice was associated with DM, we created femoral fractures in DbLR mice at postnatal week 4, before the onset of DM (denoted as pre-DbLR). This 1 experiment allowed us to determine the effect of DM and aberrant leptin signaling (12, 13) on injury-induced bone regeneration. MST analysis showed no significant difference in strength between healing femora from pre-DbLR and age-and sex-matched controls ( fig. S2A ).
These results indicate that impaired bone regeneration arose during active DM and was not related to aberrant leptin signaling. We also tested our hypothesis in streptozotocin-induced (DbSTZ) and diet-induced obesity (DbDIO) mouse models of DM. In both models of DM, and BCSPs (right) from post-fracture day 7 calluses of DbLR versus WT mice. FMO, full minus one stain; FITC, fluorescein isothiocyanate. Data and error bars represent means ± SEM. *P < 0.05, **P < 0.01, ****P < 0.0001, unpaired two-tailed t test.
the strength of healing femora was reduced significantly compared to WT controls ( fig. S2B ). Collectively, these findings show that DM impairs bone healing in multiple models of diabetes in mice. Considering our previous characterization of mSSC-and BCSPdependent skeletal growth and repair ( Fig. 1D) (9, 10, 14) , we hypothesized that a reduction in these cell populations could impair bone healing in DbLR mice. When we analyzed mSSC and BCSP populations isolated from uninjured femora of DbLR and WT mice using FACS, there was no significant difference in absolute cell numbers of either population ( fig. S2C ). When we assessed the injuryinduced expansion of mSSCs and BCSPs within DbLR and WT calluses at post-fracture days 3, 7, 14, 21, and 28 ( Fig. 1E) , there was no significant difference in proportion of the total population for either cell type (Fig. 1F) . However, absolute numbers of both mSSCs and BCSPs were significantly reduced in post-fracture day 7 calluses of DbLR mice (Fig. 1G ). This result is interesting because post-fracture day 7 is a time point previously shown to exhibit maximal mSSC and BCSP expansion in nonDb mice (9, 10) .
We also observed significantly lower absolute numbers of mSSCs and BCSPs in post-fracture day 7 calluses of DbDIO and DbSTZ mice but not in pre-DbLR mice compared to age-and sex-matched WT controls ( fig. S2, D to F) . Together, these results show that mSSC and BCSP injury-induced expansion is diminished in several mouse models of DM only when DM is active.
We next tested whether differences in cellular proliferation or apoptosis contributed to the deficient stem and progenitor injury response. To assess proliferative activity, we administered BrdU, an intracellular label of rapidly dividing cells, to DbLR and WT mice 12 hours before FACS analysis on postfracture day 3. We found that the percentage of BrdU-labeled mSSCs was significantly lower in DbLR calluses on post-fracture day 3 (Fig. 1H) . We then assessed apoptotic activity in mSSCs from post-fracture day 7 calluses using FACS to analyze surface phosphatidylserine staining (measured with FITC-conjugated annexin V). mSSCs from DbLR calluses had greater apoptotic activity than those from WT controls (Fig. 1I) . Thus, decreased proliferation and increased apoptotic activity of mSSCs contribute to the deficient stem and progenitor injury response in Db mice.
Exposure to non-Db circulation does not rescue Db fracture healing Given that exposure to blood circulated from a young animal enhances bone repair in aged animals (15) and that exposure to non-Db circulation improves Db cutaneous wound healing (16), we next investigated how exposure to non-Db blood affects Db bone healing. We joined ageand sex-matched mice in parabiosis in the following chimeric pairs: WT/DbLR, DbLR/DbLR, and WT/WT ( Fig. 2A) . Blood chimerism was confirmed at post-parabiosis week 4 ( Fig. 2B) . At post-parabiosis week 8, glycemic control was not changed in DbLR mice exposed to WT circulation or vice versa (Fig. 2C) . We then created a transverse femoral fracture fixed with an intramedullary pin in each animal of a parabiotic pair and assessed bone healing by MST at post-fracture week 4 ( Fig. 2A) . MST showed no significant difference in strength between WT femora of WT/DbLR and WT/WT pairs or between Db femora from WT/DbLR and DbLR/DbLR pairs (Fig. 2D) . Furthermore, DbLR femur strength remained significantly lower than that of WT animals, indicating that exposure to circulating blood from a non-Db animal does not rescue Db fracture repair. shows that a non-Db circulation increases the strength of DbLR femora but does not restore it to WT levels (n = 5 per group; **P = 0.0014, one-way ANOVA). Data and error bars represent means ± SEM. **P < 0.01, unpaired two-tailed t test.
Cell-extrinsic factors impair mSSC-dependent bone healing in Db mice
Having seen reduced expansion of mSSCs after injury in Db mice and that exposure to a non-Db circulation does not rescue healing, we questioned whether intrinsic stem or progenitor cell dysfunction impaired Db bone healing. To assess intrinsic cell activity, FACS-sorted mSSCs (2 × 10 4 ) from post-fracture day 7 calluses of DbLR or WT mice were transplanted separately beneath independent kidney capsules of non-Db, immunodeficient mice ( Fig. 3A) (17) . After 4 weeks, heterotopic skeletal grafts were explanted. We hypothesized that if DbLR mSSCs were intrinsically dysfunctional, then they would produce grafts of a different size and/or composition than those produced by WT mSSCs. Histological analyses determined that the grafts were not significantly different in size (Fig. 3B , far left column) or composition (Fig. 3B , second column from left), suggesting that mSSC-dependent skeletogenesis is not constrained by cell-intrinsic factors in DbLR mice.
We next investigated whether mSSCs are affected by cell-extrinsic factors by transplanting each population (2 × 10 4 ), isolated from the appendicular skeleton of uninjured WT mice at postnatal day 3 (P3), beneath the kidney capsules of either DbLR or WT mice. We hypothesized that if cell-extrinsic factors impaired heterotopic bone formation, then grafts derived in DbLR mice would differ in size or composition from those in WT mice. Histomorphometric analyses revealed that grafts derived in DbLR mice differed significantly in size from those in WT mice (Fig. 3 , B and C, right panel). These results suggest that cell-extrinsic factors, potentially mediated by skeletal niche signaling, alter mSSC skeletogenic potential and could provide a mechanism of impaired Db bone healing.
Molecular characterization of the skeletal niche points to therapeutic strategies
To identify molecular changes in skeletal niche signaling that could alter stem and progenitor activity in DbLR mice, we compared the transcriptomes of mSSCs and BCSPs from DbLR and WT mice using gene chip analysis of extracted mRNA. Each cell population was isolated from uninjured femora and post-fracture day 7 calluses. To elucidate differential gene expression, we analyzed our results using the Gene Expression Commons, a system designed by our laboratory to normalize experimental results against publicly available microarray data (18) .
Given the importance of hedgehog (Hh) signaling in skeletal development (19-22), we questioned whether Hh signaling factors could be (Fig. 4B) . We also analyzed the expression of Hh signaling factors in DbDIO and DbSTZ mice and found that mSSCs from post-fracture day 7 calluses also showed down-regulated Ihh and Smo expression relative to those from WT mice (Fig. 4C) . Notably, this effect was not seen in mSSCs from post-fracture day 7 calluses of pre-DbLR mice, which instead had expression patterns resembling those of their age-and sex-matched non-Db controls (Fig. 4C ). These results indicate that Hh signaling is altered in multiple mouse models of active DM. In contrast, the expressions of other essential skeletogenic genes, such as WNT and bone morphogenetic protein (BMP), were not significantly altered in postfracture day 7 Db mSSCs ( Fig. 4Aii) . We also found that genes involved in apoptosis were up-regulated and genes involved in cellular proliferation were down-regulated in post-fracture day 7 DbLR mSSCs and BCSPs (Fig. 4A, iii and iv) .
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To investigate whether Hh signaling is essential for mSSC-dependent osteogenesis, we antagonized Hh signaling in post-fracture day 7 WT mSSCs in vitro using XL139, a small-molecule antagonist of Smo. We then assessed bone formation using alizarin red staining, a marker of extracellular matrix mineralization, and found a dose-dependent reduction in the osteogenic potential of mSSCs treated with XL139 (Fig. 4D) .
To verify that Hh antagonism impairs fracture repair in vivo, we administered XL139 to WT mice via oral gavage immediately after injury and assessed healing femur strength at post-fracture week 4 using MST. We found that femur strength was reduced significantly in XL139-treated versus untreated mice (Fig. 4E) . We then isolated mSSCs and BCSPs from postfracture day 7 calluses of XL139-treated versus untreated mice and found a highly significant reduction in the number of mSSCs and BCSPs after Hh antagonism (Fig. 4F) .
To understand why Hh expression was repressed specifically in the skeletal niches of Db mice, we first performed proteomic analyses on . Data and error bars represent means ± SEM. *P < 0.05, **P < 0.001, ***P < 0.001, ****P < 0.0001, unpaired two-tailed t test.
DbLR and WT serum to identify systemic factors that could disrupt niche signaling. We found significantly higher levels of glucose and inflammatory cytokines such as tumor necrosis factor-a (TNFa) and interleukin-1b (IL-1b) in DbLR mice ( Fig. 4G, TNFa; fig. S3, glucose; fig. S4,  IL-1b) . Single-cell RNA sequencing (scRNA-seq) revealed that TNFa receptors are coexpressed with Ihh, Ptch1, and Gli1 on both mSSCs and BCSPs isolated from post-fracture day 7 calluses of DbLR mice (Fig. 5, A to D) .
To determine whether high levels of glucose or TNFa could directly repress Hh expression in skeletal niches, we cultured FACS-sorted mSSCs and BCSPs from uninjured P3 WT femora in glucosesupplemented, TNFa-supplemented, or control medium for 48 hours. We then measured Ihh expression using quantitative reverse transcription polymerase chain reaction (qRT-PCR) and found that Ihh expression was significantly reduced in both mSSC and BCSP cultures supplemented with TNFa but not in mSSC cultures supplemented with glucose ( Fig.  5 , E to G). The inhibition of Ihh expression by glucose in BCSPs suggests that TNFa alters Hh signaling at the stem cell level, whereas glucose alters Hh signaling in the stem cell's downstream progenitors. This TNFa-mediated repression of Ihh expression was dose-dependent in BCSPs (Fig. 5H) . Furthermore, neutralization of TNFa with anti-TNFa antibodies restored Ihh expression levels in mSSCs cultured in DbLR serum ( fig. S7 ). Cumulatively, these data indicate that systemically elevated levels of TNFa could suppress Ihh signaling, potentially disrupting essential pro-skeletogenic autocrine and/or paracrine cross-talk between mSSCs and BCSPs (Fig. 5, I and J).
Ihh and Gli1 expression are repressed in Db human skeletal progenitors
Because Db patients also exhibit high levels of TNFa, we investigated whether human Db skeletal progenitors also exhibit repressed Ihh signaling. Because fracture callus tissue from Db patients is difficult to obtain, we used freshly dissected femoral and knee specimens from osteoarthritic Db patients undergoing total joint arthroplasty. These tissues had large regions of cartilage degeneration that we used to investigate reparative signaling in (Fig. 6A) . We found that about 30% of the nonhematopoietic (CD45 − ) and nonendothelial (CD31 − and Tie2 − ) fraction of these cells expressed CD146, a marker that has been used previously to describe a population of human skeletal stem and progenitor cells (Fig. 6B) (23) . Gene expression analysis confirmed that both Ihh and Gli1 are down-regulated in Db patient samples relative to non-Db patients, consistent with our findings in mice (Fig. 6, C and D) .
Local delivery of Ihh rescues Db fracture healing
We then assessed whether modulating local Hh expression could improve Db fracture repair by applying degradable poly(ethylene glycol) hydrogels coated with recombinant Ihh, Sonic hedgehog (Shh), or phosphate-buffered saline (PBS) control to the defect sites of DbLR or WT mice immediately after fracture creation (Fig. 7A) . Notably, MST analyses of healing femora harvested at post-fracture week 4 revealed that Ihh-and Shh-treated DbLR femora were significantly stronger than PBS-treated controls (Fig. 7B) . To determine whether this improvement was associated with changes in mSSC or BCSP activity, we profiled the cellular composition of Hh-treated and untreated post-fracture day 7 calluses using FACS and found that the absolute numbers of both mSSCs and BCSPs increased significantly in Hhtreated calluses (Fig. 7C) . We also found that FACS-sorted mSSCs isolated from Hh-treated calluses of DbLR mice formed significantly more colonies in vitro than mSSCs from DbLR controls. These results indicate that local delivery of Hh to the skeletal stem cell niche rescued DbLR mSSC clonal activity, emphasizing the importance of Hh signaling to mSSC activity (Fig. 7D) .
To gain insight into how exogenous Hh treatment stimulated mSSC and BCSP activity, we assessed the proliferation and apoptosis in each population after treatment. We found that BrdU uptake was significantly higher in mSSCs and BCSPs in post-fracture day 3 calluses after Hh treatment in DbLR mice (Fig. 7E) . We also found that Hh treatment reduced the apoptotic activity of DbLR mSSCs relative to controls, as assessed by annexin V expression. By comparison, it did not affect the apoptotic activity of WT mSSCs (Fig.  7F) . Together, these results suggest that Hh treatment improves the mSSC and BCSP injury response in part by enhancing cellular expansion and survival in calluses of DbLR mice.
We then investigated whether Hh treatment could enhance mSSC-and BCSPmediated osteogenesis. Both mSSCs and BCSPs from Hh-treated, post-fracture day 7 calluses were more osteogenic than those from DbLR controls, as assessed in vitro by alizarin red staining (Fig. 7G ) (24) . These results are supported by histomorphometric analyses that show significantly enhanced osteogenesis in DbLR mice ( fig. S5) .
Together, these findings demonstrate that targeted molecular therapy corrects specific skeletal niche defects caused by systemic Db disease, resulting in the restoration of mSSC-dependent repair in DbLR mice (Fig. 8) .
DISCUSSION
Here, we describe a new mode of stem cell therapy that treats the altered reparative function of local stem and progenitor cells in Db mice. In systemic diseases with multiple complications, it is challenging to characterize the mechanisms of tissue-specific dysfunction. Our approach determined cell-intrinsic versus cell-extrinsic control of skeletogenesis based on the recent characterization of the mSSC and its downstream progenitors that produce skeletal tissue (9) . Under normal conditions, mSSCs and BCSPs facilitate rapid healing. However, in Db mice, significantly reduced injury expansions of mSSCs and BCSPs suppressed osteogenesis and impaired healing. Several groups have reported that exposure to a young circulation rejuvenates muscle, heart, brain, and skeletal tissue (15, (25) (26) (27) and that exposure to a non-Db circulation improves Db cutaneous wound healing (16) . However, we found that exposure to a non-Db circulation did not restore Db bone healing. As a result, we centered our investigation on the mSSC and its downstream progenitors. Deviations in normal mSSC activity could be cell-intrinsic, or they could arise from alterations to the external regulatory niche environment. Because heterotopic transplantation of mSSCs or BCSPs from Db and WT calluses revealed that the intrinsic skeletogenic activity of each cell population did not differ, we hypothesized that cell-extrinsic abnormalities in skeletal niche signaling impaired Db healing. Heterotopic transplantation of WT mSSCs and BCSPs into Db or WT mice supported this hypothesis because the size of grafts produced in Db mice was significantly reduced. Factors associated with mSSC niche signaling include BMP, WNT, Hh proteins, and transforming growth factor-b. We examined these factors within the mSSC niche of Db mice to identify abnormalities that could impair healing and ultimately lead to effective intervention.
Our laboratory previously investigated paracrine-and autocrinemediated control of normal mSSC activity with gene expression analysis and scRNA-seq (9, 21) . When we applied the same analysis to Db mSSCs, we found that, although many skeletogenic signaling pathways 
S C I E N C E T R A N S L A T I O N A L M E D I C I N E | R E S E A R C H A R T I C L E
were unchanged, Hh signaling was altered in Db mSSCs after fracture. Ihh signaling is essential for embryonic skeletal formation and endochondral ossification, and it has also been implicated in regulation of cartilage development (28) . Our results indicate that Hh signaling is also necessary for skeletal regeneration in mice and suggest that decreased Ihh expression in Db calluses is likely a major factor in the molecular etiology of poor fracture healing in DM. In addition to skeletal stem and progenitors in mice, we observed repressed Ihh signaling in human skeletal progenitors isolated from femoral head and knee specimens of Db patients (Fig. 6) . These results indicate that Hh signaling and its importance to postnatal skeletal repair appear to be conserved between mouse and humans.
We also found that elevated levels of TNFa in Db mice can directly suppress Ihh expression in mSSCs and BCSPs. TNFa is expressed by a wide variety of tissues, including macrophages, T cells, and adipose tissue. Although TNFa plays a key role in mediating the inflammatory response against microbial infections, it has also been implicated in autoimmune disease and diabetes. In addition, the development of insulin resistance in multiple mouse models of diabetes (29) is believed to occur in part through TNFa-mediated inhibition of insulin receptor activity in muscle and fat cells (30) . In humans, elevated levels of TNFa are frequently detected in Db patients and have been shown to disrupt fracture healing (31) (32) (33) (34) . Thus, our findings suggest that diminished Ihh signaling plays a mechanistic role in the chronic inflammatory state associated with DM (35) .
Because anti-TNFa antibody therapy may lead to increased adiposity and the absence of TNFa may impair fracture repair (36, 37), we instead chose to directly modulate skeletal niche signaling by delivering recombinant Ihh or Shh to the local fracture site using a slow-release hydrogel. We found that both Ihh and Shh restored fracture repair in Db mice, in part by enhancing mSSC expansion, survival, and osteogenic potential in Db calluses. Because we observed that skeletal progenitors in bone and cartilage tissues isolated from DM patients undergoing total joint arthroplasty also show down-regulation of Ihh and Gli1 expression, it is possible that local administration of recombinant Ihh or small-molecule Hh agonists will also accelerate fracture repair in these patients. However, additional preclinical and clinical studies are necessary to identify the appropriate delivery strategy and to validate the safety and efficacy of localized Hh stimulation as treatment for both chronic and acute skeletal injuries in DM patients.
Kayal et al. reported that streptozotocininduced type 1 DM led to increased osteoclast activity during fracture healing (38) . However, in a model of type 2 DM, they observed that osteoclastogenesis was decreased (39) . These findings are inconsistent with our observation that osteoclast activity was not significantly changed in vivo in models of type 2 DM, suggesting that additional factors could influence the activity of the regenerative niche during skeletal healing.
In summary, we devised a feasible strategy for reversing complex, tissuespecific pathologies associated with metabolic disease. We demonstrate that the local application of two factors, Ihh and Shh, rescues Db bone healing by stimulating the mSSC expansion seen after injury. Thus, by determining how DM affects the mSSC and its supporting niche, we could identify a molecular therapy that can be identified and used to treat metabolic disease directly at the stem cell level.
Although our findings are consistent in multiple models of DM, the recent identification of type 2 diabetes subgroups emphasizes that multifactorial diseases can exhibit diverse patient phenotypes (40) . Thus, the mechanisms described in the current study may not apply to all cases of DM. However, precision medicine techniques that isolate single cells from tissue-specific populations obtained from individual patients could provide new routes for treating complications of metabolic disease. Because the Hh signaling pathway is well conserved in vertebrates, we anticipate that Hhmediated molecular therapies that directly target stem cells in human Db patients could be therapeutic.
MATERIALS AND METHODS
Study design
The objective of this study was to understand the cellular and molecular mechanisms underlying impaired bone healing in Db mice. Multiple mouse models of diabetes were used and are described in the "Animals" section of the Supplementary Materials. For all experiments, the number of samples analyzed is outlined in the figure legends, and each experiment was performed in triplicate. Further statistical information is outlined in the "Statistical analysis" section. No outliers have been excluded from our analysis. Animals used for the Hh rescue experiments were randomized with animals receiving hydrogel alone, hydrogel with Ihh, or hydrogel with Shh.
Femoral fractures
Ten-week-old mice were anesthetized with aerosolized isoflurane. Analgesia was administered, and the surgical site was prepared before skin incision. A medial parapatellar incision was created. The patella was dislocated laterally to expose the femoral condyles. The medullary cavity was reamed using a 23-to 25-gauge, 0.64 to 0.51 OD (mm), 15 mm length regular bevel needle (BD) before insertion of an intramedullary pin of equal diameter into the medullary cavity. A transverse, mid-diaphyseal fracture was made using scissors. The pin remained in situ to provide relative stability during healing. The patella was relocated, muscles were reapproximated, and the skin was closed using a 6-0 nylon suture. Animals were radiographed to verify fracture alignment and assess fracture fixation. Animals with fracture displacement were excluded. Pin diameter was adjusted according to femoral cavity lumen diameter to minimize migration (41) .
Isolation of skeletal progenitor cells
Uninjured and fractured femora were harvested at post-fracture days 3, 7, 10, 14, 21, and 28. Fracture calluses were dissected using microscopy. Tissues were crushed with mortar and pestle in collagenase buffer [collagenase (2.2 mg/ml), deoxyribonuclease, 1 M CaCl 2 (1000×), p188 (100×), 1 M Hepes (50×), Medium199] and heated to 37°C for 10 min to activate collagenase. Each sample underwent three serial digestions at 37°C for 25 min under gentle agitation. Dissociated cells were filtered through a 40-mm nylon mesh and washed in FACS buffer (2% fetal bovine serum in PBS). Each sample was pelleted at 200g at 4°C and resuspended in FACS buffer. Then, each sample was layered onto a Histopaque gradient before centrifugation at 1400 rpm for 15 min at room temperature with zero acceleration. The cloudy interphase was aspirated, washed with FACS buffer, and centrifuged. The cells were stained with fluorochromeconjugated antibodies against CD45, Ter119, Tie2, a V integrin, Ly 51, CD105, Thy1.1, and Thy1.2 for purification by flow cytometry. Cells were sorted twice (once on "yield," then on "purity") to increase purity (BD FACSAria).
Isolation of human bone progenitors
Femoral heads were obtained from Db and non-Db patients undergoing total joint arthroplasty. Cells from areas of cartilage degeneration were processed as described in the "Isolation of skeletal progenitor cells" section. Cells were stained with fluorochromeconjugated antibodies against CD45, CD235, and CD146 for purification by flow cytometry. Cells were sorted twice (once on yield, then on purity) (BD FACSAria). Human skeletal progenitors were defined as CD45
Statistical analysis
All analyses were performed using GraphPad Prism. Data were analyzed using two-tailed Student's t test and/or one-way ANOVA and Tukey post hoc correction. Statistical significance was assigned for P ≤ 0.05. All experiments were done in triplicate.
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